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We studied the quantum critical behavior of the second antiferromagnetic (AF) phase in the 
heavily electron-doped high-T c pnictide, LaFeAsOi-a;H x by using 75 As and 4 H nuclear-magnetic- 
resonance (NMR) technique. In the second AF phase, we observed a spatially modulated spin- 
density-wave-like state up to £=0.6 from the NMR spectral lineshape and detected a low-energy 
excitation gap from the nuclear relaxation time Ti of ,5 As. The excitation gap closes at the AF 
quantum critical point (QCP) at x « 0.49. The superconducting (SC) phase in a lower-doping 
regime contacts the second AF phase only at the AF QCP, and both phases are segregated from 
each other. The absence of AF critical fluctuations and the enhancement of the in-plane electric 
anisotropy are key factors for the development of superconductivity. 


The prototypical high-transition-temperature (T c ) 
iron-based pnictide, LaFeAsOi-^Hj, can accept high elec¬ 
tron doping and has lead to two new discoveries: (i) 
FI doping leads to a superconducting (SC) phase with 
double domes [1] following a stripe-type antiferromag¬ 
netic (AF) phase, and (ii) further FI doping leads to a 
second AF ordering [2] following the SC double domes. 
The appearance of the second AF ordering is exotic be¬ 
cause one expects a Fermi-liquid state upon heavy car¬ 
rier doping in high-T c compounds. Thus, the intriguing 
question is what is the origin of the second AF order¬ 
ing? The simplest model is the interband nesting be¬ 
tween electron pockets because heavy H doping causes 
the hole pockets to shrink and the electron pockets to 
expand [1, 3]. This nesting model predicts an incom¬ 
mensurate spin-density-wave (SDW) state with the nest¬ 
ing vector q = (7r, ^) or (|, 7r) [3], similar to the (7r, 
0) or (0, 7r) nesting vector between electron and hole 
pockets leading to stripe-type ordering [4]. The nesting 
between electron pockets is compatible with supercon¬ 
ductivity with s ++ -wave symmetry [5-7]: however, it is 
not compatible with spin-fluctuation mediated supercon¬ 
ductivity with s -wave symmetry [8, 9] because it in¬ 
volves a sign change of the SC gap between two electron 
pockets linked by the nesting vector. Another theoretical 
investigation that supports spin-fluctuation mediated su¬ 
perconductivity suggests that next nearest-neighbor hop¬ 
ping between iron sites plays a key role in the heavily H- 
doped regime [10]. The origin of the second AF ordering 
is deeply associated with SC pairing symmetry. 

To elucidate the high-T c mechanism behind the sec¬ 
ond AF phase, we focus on quantum criticality around 
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the second AF-phase boundary and investigate electronic 
states from a microscopic view point using nuclear mag¬ 
netic resonance (NMR) technique for 1 H, 75 As, and 
139 La. We prepared 44%, 49%, 51% and 60% H-doped 
samples for the present experiments. The H concentra¬ 
tion was verified using thermal desorption spectroscopy 
(TDS). The nominal concentrations for these samples 
were 53%, 58%, 63%, and 70%, respectively. In a pre¬ 
vious report, we used the nominal concentrations [2], 
but we use the TDS-determined concentrations for the 
present work. 

The NMR spectra were measured at 35.1 MHz to cover 
signals from 4 H (1=1/2), 75 As (1=3/2) and 139 La (1=7/2) 
nuclei with a eight-Tesla superconducting magnet. The 
relaxation time (Ti) for 75 As was measured at 48.2 kOe. 
The signals at 48.2 kOe come from the powder samples 
with the basal iron planes parallel to the applied field 
H. From these spectra and Ti, we found that the 44% 
H-doped samples are superconducting, whereas the 49%, 
51%, and 60% H-doped samples are antiferromagnetic. 
The phase diagram determined in the present work is 
summarized in Figs. 5(b), as described below. 

Figure 1 shows the relaxation rate 1/Ti divided by 
temperature (T) for various H-doping levels x. For the 
49%, 51% and 60% H-doped samples, 1/TiT plotted as 
a function of T forms a broad peak that corresponds 
to AF ordering. The values of AF-transition temper¬ 
ature Tjv are 60, 70, and 110 K, respectively, for the 
above-mentioned samples. Plots of \/T{T vs T exhibit 
systematic variation on H doping, as seen in Figs. 1, 
2(a) and 2(b): at high temperatures, 1/TfT for the three 
H doping levels can be fitted to a Curie-Weiss law [11], 
reflecting AF fluctuations: j/y ^ t-t n + a w h ere a 
(= 0.32 — 0.35 (s -1 K -1 )) would reflect the density of 
states. However, for all doping levels, the Curie-Weiss 
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FIG. 1: (color online) Nuclear magnetic relaxation divided 
by temperature 1/TiT for 75 As. T c s indicated by up arrows 
are determined from the detuning of the NMR tank circuit. 
Tn s are determined from the maximum of 1/TiT as shown by 
down arrows. The data for 20% and 40% H-doped samples 
are cited from the Ref. [2], The curves for each doping level 
are guides to the eye. 


behavior and the AF critical fluctuations near Tv are 
strongly suppressed with decreasing temperature. In gen¬ 
eral, the quantity 1/TT gives a measure of spin fluctua¬ 
tions. 1/TT involves contributions from all wave vectors 
q , 7yr_ c* ^ rn xi t I > u} )and thus the divergence of 
xUl- w) for specific q is strongly suppressed. The devi¬ 
ation from the Curie-Weiss behavior suggests the emer¬ 
gency of a pseudo gap. We denote the onset temperature 
as T*. 

Below Tv, 1/TiT exhibits activated T dependence: 
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where the activation energy A decreases from 710 to 40 
K with H-doping level decreasing from 60% to 49%. The 
first term represents a gapless excitation predominant at 
low temperatures and is proportional to the square of the 
residual density of states. The fitting curves are shown 
in Figs.2(a) and 2(b). The equation (1) is reminiscent of 
a SDW state; In a SDW state, 1/TiT is expressed by us¬ 
ing nth logarithmic function Li„(a;) as 1/T\T=cq+Ci$(x) 



FIG. 2: (color online) (a), (b) 1/TiT in the antiferromag¬ 
netic (AF) and paramagnetic (PM) phases. The data at high 
temperatures are fitted to the Curie-Weiss law, and the data 
at low temperatures are fitted to Eq. (1). (c) 1/TiT in the 
superconducting (SC) and PM phases, (d) Detuning of the 
NMR tank circuit. It is plotted as the resonance-frequency 
shift A///, (e) 1/TiT for the non-doped samples. The data 
were taken from Ref. [14]. 


where <h(:r)=l/;r 2 Lii(e _x )-|-l/:r 3 Li 2 (e _:c ) and x = A/T 
[12,13]. The T dependence of 1/TiT in the heavily Id- 
doped samples clearly contrasts that in the lightly F- 
doped samples [14-16]: the critical fluctuations accom¬ 
panied by a sharp upturn toward Tv appears, and more¬ 
over, structural transition temperature T s can be identi¬ 
fied from T dependence of 1/TT (See Fig. 2(e)). The ap- 
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pearance of the critical fluctuations suggests that x(< 7 , u>) 
makes a sharp peak at q « (7r,0) or (0, n). 

Now consider x = 0.44. Suppression of AF fluctu¬ 
ations, namely pseudo-gap behavior is manifested as a 
plateau in 1/T\T ranging from 70 to 20 K followed by 
the SC gap at low temperatures. The onset temperature 
is shown as T* in Fig. 2(c). The pseudo-gap behavior is 
also observed in 1 /T{T for £=0.40 where explicit Curie- 
Weiss behavior is absent, as shown by T* in Fig. 1. The 
plateau of l/T\T above T* would reflect the density of 
states, and therefore the pseudo-gap behavior, which is 
widely observed at temperatures above T c or TV, is at¬ 
tributable to the suppression of AF fluctuations and/or 
the density of states. For x = 0.44, superconductivity 
with T c = 20 K emerges accompanied by a drop in 1/TiT. 
The appearance of superconductivity was also confirmed 
from the detuning of the NMR tank circuit, which is plot¬ 
ted as the resonance-frequency shift in Fig. 2(d). How¬ 
ever, for x = 0.49, the T dependence of 1/TiT in Fig. 
2(b) shows no indication of superconductivity. These re¬ 
sults suggest that the AF and SC phases are segregated 
from each other in the electronic phase diagram. The 
lack of successive SC and AF transitions upon decreasing 
temperature excludes the possibility of homogeneous co¬ 
existence of AF and SC states, unlike Ba(Fei_ ;c Co a: ) 2 As 2 
[17, 18] and Ca(Fei_ a; Co a; )AsF [19]. 

75 As and 139 La spectra give information of the AF spin 
configurations. Figure 3(a) compares the first and sec¬ 
ond AF phases, and Figs. 3(b) and 3(c) compare AF 
and paramagnetic (PM) phases. The lineshape of ,5 As 
depends on the in-plane anisotropy of the electric field 
gradient 77 = Vyy v , : the lineshape at 120 K for heav¬ 
ily H-doped samples is asymmetric because of large 77 
(« 0.6), whereas that for lightly F-doped samples has a 
two-peak structure because of small 77 (~ 0 — 0 . 1 ). 

In the first AF phase, the signals from both 75 As and 
139 La are rectangular, as seen in Fig. 3(a), reflecting 
uniform AF moments. A rectangular powder pattern is 
derived without any specific conditions [19]. For small 
amounts of F doping, the spectra were unchanged except 
for a hump at 45 kOe that comes from minor PM (or 
SC) domains [14]. Unlike the spectra for the first AF 
phase, those for the second AF phase were of cusp-type 
up to £= 0 . 6 , suggesting that spin moments are spatially 
modulated or a SDW state is realized throughout the 
second AF phase. The cusp-type pattern comes from 
summing the rectangular-type patterns with different H 
spans. 

One can estimate the value of the maximum spin mo¬ 
ments by comparing 3 H and 19 F spectra. Figure 4(a) 
shows 3 H spectra for the 60% H-doped samples at sev¬ 
eral temperatures, and Fig. 4(b) compares 3 H and 19 F 
spectra. We denote the linewidth as the H span be¬ 
tween the arrows. The linewidth for 3 H reaches 1 kOe 
at 10-20 K. The stripe-type uniform moments ( « 0.36 
[iB [4]) induce an internal field of 0.2 kOe at 19 F sites; 
hence, the maximum spin moment is estimated to be 
five times 0.36 77 #, or 1.80 773 . Figure 4(c) shows the 
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FIG. 3: (color online) 75 As and 139 La NMR spectra measured 
at 35.1MHz. (a) Spectra in the AF phases for LaFeAsOi-xF^, 
and LaFeAsOi-j-H^. The illustration indicates powder pat¬ 
terns of the AF phase for the lightly F-doped samples. A part 
of the data for the F-doped samples are taken from Ref. [14]. 
(b) and (c) Comparison of spectra between the AF and PM 
phases. 


difference in the linewidths between AF and PM states, 
and TVs determined from the linewidth agree well with 
those obtained from 1/T\T. Following the NMR results, 
the recent neutron-scattering measurements confirmed 
the existence of the second AF phase and suggested a 
uniform spin configuration with spin moments of 1 . 22773 

[22] , Regarding high-energy fluctuations, an inclastic- 
neutron-scattering peak was observed at q=(7r, 0.357 t) 
for £=0.4, which suggests an incommensurate SDW state 

[23] . The discrepancy of how the spin configuration looks 
is currently an open problem. 

The phase diagram obtained from NMR measurements 
is summarized in Fig. 5(b). As seen in Fig. 5(a), a fairly 
large AF-excitation gap defined by Eq. (1) likely closes 
at £ ~ 0.49; hence, the AF QCP is deduced as x « 0.49, 
whereas an AF QCP is undefined for the first AF phase 
[20, 21]. The electronic state at the AF phase boundary 
gives a clue to determine pairing symmetry. Homoge¬ 
neous coexistence of AF and SC states around the first 
AF-SC phase boundary more likely occurs for s^-wave 
symmetry than for s ++ -wave symmetry [24—27]. Our 
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FIG. 4: (color online) 'ff-NMR spectra for 60% H-doped 
samples. (a) Spectra at several temperatures below and 
above Tjv (= 100A'). (b) Comparison of 1 H-NMR spectra 
in LaFeAsOi-xH^ with 19 F-NMR spectra in LaFeAsOi-xF^. 
(c) The 1 H linewidth of LaFeAsOi-^Ha, for several doping 
levels. The natural linewidth observed in a PM state was 
subtracted in the figure. 


present work shows no indication of the coexistence of 
the AF and SC order parameters, and the SC phase con¬ 
tacts the AF phase only at the AF QCP. In this respect, 
the superconductivity with s ++ -wave symmetry would 
be more advantageous than that with s^-wave symme¬ 
try, if the above-mentioned theories are applicable for the 
heavily H-doped regime. 

By comparing the two SC-AF phases in Fig. 5(b), one 
finds that the second SC dome has a higher T c and a 
wider doping regime than the first SC dome. For this 
phenomenon, both spin and orbital properties seem to 
play key roles. Unlike the case of the first AF phase, AF 
critical fluctuations are absent in the second AF phase; 
hence, the superconductivity likely develops in a wider 
x region that is free from strong AF fluctuations. As 
for the orbital properties, the SC domes favor large 77 
because the second SC dome is close to the large -77 re¬ 
gion as shaded in yellow in Fig. 5(b). The enhancement 
of 77 suggests the differentiation of d-orbital occupation 
weight or orbital ordering. The enhancement of 77 and 
the emergence of the pseudo gap occurs (See T* in Fig. 
5(b)) in the same doping region, which implies that the 
suppression of strong AF fluctuations and/or the density 
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FIG. 5: (color online) (a) Low-energy AF-excitation gap de¬ 
termined from Eq. (1) as a function of H concentration 
x. (b)Phase diagram of LaFeAsOi-^F^ and LaFeAsOi_a,H x . 
The structural transition temperatures ( T s ) [14,21] and the 
antiferromagnetic (AF) transition temperatures (Tjv) [4, 21] 
of LaFeAsOi-aTz are shown by open and closed squares, re¬ 
spectively. The superconducting transition temperatures ( T c ) 
were determined from resistivity measurements (closed and 
open red circles) [1, 20], detuning of the NMR tank circuit 
(open red triangles), and 1/TiT (closed red triangles). Tn s 
of LaFeAsOi-^Hj, were determined from 1/TiT (closed blue 
triangles) and the linwidth (closed blue squares). Pseudo-gap 
behavior is seen at temperature below T*. The yellow-shaded 
regime shows the enhancement of the in-plane electric-field- 
gradient anisotropy 77 . 


of states is deeply associated with the orbital degrees 
of freedom, or the orbital ordering. In this work, we 
have focused on heavy H doping in LaFeAsOi-^H^. Re¬ 
cently, another SC double-dome structure was observed 
in LaFe(Asi_ a ,P a; )(Oi_j / Fj / ) [28—30]. A systematic study 
would increase understanding of high-T c mechanisms in 
pnictides. 

In summary, we studied the quantum critical behavior 
of the second AF phase for LaFeAsOi-^Hj,. The AF spin 
configuration is a spatially modulated SDW-likc state up 
to a;=0.6. We detected the low-energy AF-excitation gap 
in the second AF phase: the gap of 710 K at 1 = 0.6 
closes at the AF QCP (ir « 0.49). The AF and SC 
phases contact each other only at the AF QCP, and both 
phases are segregated from each other. The suppression 
of AF fluctuations and the enhancement of in-plane elec¬ 
tric anisotropy emerge in the same doping region. These 
quantities are associated with the pseudo-gap behavior 
and the orbital degrees of freedom, respectively, and are 
key factors to explain why the second SC dome manifests 
itself over a wider doping regime compared with the first 
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SC dome. 
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